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(54) NMR nnagnet assembly with a neck tube housing a pulse tube refrigerator 

(57) The present invention relates to MRI or NMR 
systems and, in particular, to a cooling system for a 
magnet assembly housed in a cryostat incorporating a 
pulse tube refrigerator (8). The cryostat usually consists 
of several interior cylindrical or oval-shaped vessels for 
storing liquids and usually comprises an outer vacuum 
case, a nitrogen can or a radiation shield instead, and a 
further radiation shield and the helium vessel (4) hous- 
ing the superconducting magnet (2). The magnet usu- 
ally is made of NbTi, Nb3Sn, or some HTC conductor or 
a combination of both. 



The present invention uses a pulse tube refrigerator 
(8). the so-called pulse tube cooler, which essentially 
comprises an empty tuk>e and a further tube housing the 

regenerator material for the cooler, which is inserted r»9 i 

into the neck tube (6) of tine cryosat. 
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Description 

[0001] The present invention relates to MRI or NMR 
systems and in particular to the neck tube of such sys- 
tems. 

[0002] The invention relates to the use of coaxial 
pulse tube refrigerators in such systems but is not lim- 
ited thereto. 

[0003] Coaxial pulse tube refrigerators are described 
in a paper entitled 'Development of a Practical Pulse 
Tube Refrigerator: Coaxial design and the influence of 
viscosity by R. N. Richardson in Cryogenics 1988 Vol. 
28 August, pages 516-520'. The paper states that the 
concentric pulse tube design provides a convenient, 
compact configuration for achieving high heat pumping 
rates. Instead of placing the regenerator concentrically 
around the pulse tube which is the preferred configura- 
tion, the pulse tube occupies the annular space and sur- 
rounds the regenerator at the centre. 
[0004] An aim of the present invention is to incorpo- 
rate a coaxial pulse tut)e refrigerator into the neck por- 
tion of an MRI or NMR system. 

[0005] According to the present invention there is pro- 
vided an MRI or NMR system comprising a n^gnet 
assembly immersed in a cooling liquid contained within 
a vessel, said system having an orifice in the form of a 
neck-tube, characterised in that said neck-tube is 
adapted to house a pulse tube refrigerator. 
[0006] The pulse tube refrigerator is in the form of an 
annulus or a section of an annulus. 
[0007] The pulse tube refrigerator may have an 
enhanced surface structure which is either a natural or 
an artificial structure. 

[0008] The pulse tube refrigerator has its regenerator 
tube in the form of an annulus which is concentric and 
coaxial and in contact with either the inskle or outside of 
its pulse tube. 

[0009] The regenerator tube or pulse tube may also 
act as a suspension element. 

[0010] A preferred embodiment of the invention will 
now be described with reference to the accompanying 
drawings, wherein:- 

Rgure 1 shows part of an MRI or NMR system hav- 
ing a neck-tube incorporating a pulse tube refriger- 
ator. 

Figure 2 shows several ways in which the surface of 
a pulse tube refrigerator can be enhanced. 
Figure 3 shows a section of a neck-pulse tube 
refrigerator, where the pulse tube and regenerator 
tiA>e are of annular shape. 

Figure 4 shows an alternative form of neck-pulse 
tube refrigerator to that shown in Figure 3. 
Figure 5 shows a section of a neck-pulse tube 
refrigerator, where the pulse tube and regenerator 
tube are separated. 

Figure 6 shows a section of a neck-pulse tube 
refrigerator, where the pulse tube and regenerator 
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tube are of circular shape and occupy part of a neck 
tube, and. 

Figure 7 shows a section of a three-stage neck- 
pulse tube refrigerator liquefier. 

5 

[0011] Refenring to Figure 1 . part of an MRI or NMR 
ayostat system is shown wherein a magnet structure 2 
is immersed in a liquid helium bath 4. A neck-tube 6 
extends from the bath 4, into which a coaxial pulse tube 
10 refrigerator 8 is inserted. The neck-tube is provided with 
contacts 10 to which the thermal shields are connected. 
The pulse tube refrigerator 8 may be a single stage or 
multistage pulse tube refrigeration which also serves to 
cool the shields. The neck-tube may also incorporate a 
15 baffle insert 12 to prevent "funnelling", and may be 
made from any of the following materials, e.g. steel, tita- 
nium alloy or epoxy resin. 

[001 2] The £d30ve mentioned paper discusses typical 
arrangements of the various pulse tube designs. The 
20 pulse tube refrigerator is of annular or circular design, 
and is aptly suitable for insertion into an annular open- 
ing of a cryostat. 

[001 31 An annular opening for example, would be the 
neck-tube 6 of a cryostat itself, which is used for access- 
es ing varying parts of the magnet or for having access to 
the liquids or for filling or emptying purposes. Some M Rl 
light-weight or next-generation MRI systems enable the 
system to be totally suspended at the cryostat neck or at 
any other opening. The neck or said opening has to be 
30 of fairly rigid design, which would add to the overall heat 
input of the helium or nitrogen vessel or radiation shield. 
In case the neck-tube is not designed as a low heat- 
conducting material, the heat input is increased result- 
ing in a higher boil-off and reduced hold times of the cry- 
35 ostat. For this reason the neck tube in storage tanks for 
Ikiuid nitrogen or helium are made of epoxy composite 
tubes. 

[001 4] Another way to reduce the additional heat leak 
into a cryostat caused by the stainless steel neck tube 
40 most widely used in MRI and NMR systerr^. is to either 
cool the neck tube by escaping helium gas which is in 
good contact with the tube wall, or by other external 
means, e.g. by using so-called shIeM coolers, where the 
neck is additionally linked to the radiation shields by 
45 means of copper links, as is known from European pat- 
ent application 0260036. 

[001 5] The present invention combines the two func- 
tions of a cryocooler. namely tiie suspension of the radi- 
ation shields in a cryostat and their cooling. 
50 [0016] In the case where a suspension of tiie mass 
onto the neck-tube woukl not be feasible because of the 
design, this tube is only meant to act as an integrated, 
invisible shield cooler. 

[0017] The present invention provides the following 
55 advantages when designing a pulse tube as an annular 
neck-tube system. For example, some types of pulse 
tubes are still orientation-dependent due to tiie exist- 
ence of convection currents and various thermal effects. 
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which also means that a vertical or slight oblique angle 
most probably less than 30° would be the optimum 
working position with most present-day pulse tube 
refrigerators. The present invention can be used in the 
same range of angles. A further advantage of design is 
that the neck-tube pulse tube refrigerator could be 
designed in a very compact manner and the additional 
shortcomings of a GM-type cooler, e.g. having to insert 
an additional sleeve for Indirectly coupling the cryo- 
cooler to the radiation shields can be dispensed with. 
[001 8] The necessity of a sleeve interface arises from 
the fact that the GM-cooler has to be serviced at certain 
maintenance Inten/als and also because of the fact that 
vibrations are introduced into the system which require 
indirect coupling to the radiation shield by means of 
copper braids. The average diameter of such an open 
window from the outer vacuum case down to the radia- 
tion shield or down to the helium vessel is approximately 
150 to 200 mm, and thus also contritKites to an 
increased boil off. 

[0019] However, in the neck-tube pulse tube refriger- 
ator, the heat-stationing is a straight-forward process. 
Moreover the position of the necK which is normally 
located at the cryostat centre or close to the centre, is 
regarded as being the most efficient with respect to the 
overall temperature distribution around the shields. The 
neck-tube pulse tube refrigerator enak)les one to reach 
a conpact design, as the diameter of a typical neck tube 
would be only around 60 to 120 mm. and the annutus 
comprising the pulse tube typically would be 5 to 10 
mm; in addition a second annulus could be introduced 
of approximately the same size, which could house the 
regenerator. This also provides an easy way to make 
thermal contact to the shields, where the shields could 
rest on the thermal links. A direct link for suspending the 
radiation shields and / or a magnet and the shields has 
not been feasible up to now because of the vibrations 
induced by piston-driven coolers. 
[0020] The absence of moving parts in a cryocooler 
enables the design to be radically different from previ- 
ous ones. The ability to directly couple this type of 
cooler to the surrounding structure of the cryostat 
reduces the vibrations to the system to a minimum, 
which is not the case with piston-driven systems where 
artifacts would show up when taking the MRI or NMR 
measurement. 

[0021] Due to the absence of these moving parts, 
apart from the travelling pressure wave down the tube, 
the induced level of vibrations transmitted to the internal 
cryostat structure is several orders of magnitude lower 
than with piston-driven coolers. Thus it is possible to 
make use of the whole spectrum of directly contacting 
or coupling the radiation shields to a cooler, such as sol- 
dering, bolting, screwing, clamping, gluing, welding, 
sliding, pressing, or by means of shrink-f itting or spring- 
loading or mechanically by using a lever-actuated con- 
tacting system. It is therefore possible in accordance 
with the present invention to use the neck-pulse tube 



efficiently as a suspension system. 
[0022] Also the cold end of such pulse tube refrigera- 
tors could be designed using a material with a negative 
thermal expansion coefficient in order to balance shrink- 

5 age effects. 

[0023] Furthermore, the external and internal surfaces 
of the neck-tube pulse tube refrigerator could be ther- 
mally isolated and reinforced to enable the neck tube to 
carry the magnet as well as shield loads. In doing so, 

10 there is of course also no longer any further need to 
have a second or third turret incorporated in an outer 
vacuum vessel which in turn also eases operation of the 
ayostat at the customer's site and reduces boil-off due 
to the absence of heat windows, which are totally closed 

15 in the present invention. Preferably the contact stages 
(e.g. length approximately 20 mm) could be left out from 
being reinforced. In tNs case, sufficient heat transfer 
area should be made available at that positk>n, so as to 
allow the cooling helium or any other gas to exchange 

20 heat with the thermal Wnks of the neck tube cooler which 
in turn would reduce the power required for the PTR to 
cool the radiation shields. 

[0024] tt is self-explanatory that a dual annular-type 
neck-tube pulse tube refrigerator could have the outer 

25 circumferential wall of the pulse tube cooler of an 
enhanced or increased wall thickness to cany the shield 
and magnet loads, whereas the inner tube wall could be 
of thin-walled design. Another approach to the problem 
would be to make the inner annular tube of the pulse 

30 tube more rigid as this tube already has to bear the 
external pressure acting on the tube which could, if 
designed reasonably rigidly carry the aforementioned 
cryostat loads and all the additionally imposed loads on 
the cryostat as for example the different loads depend- 

35 ing on the mode of transport or stresses imposed during 
cooldown and ramping of the magnet or seismic excita- 
tion or permanently fixing the position of the radiation 
shields as well as other thermal transient stresses. Also, 
the wall thickness for both annuli has to be considered 

40 in order to achieve optimum cooling power on the pulse 
tube stages. 

[0025] A sturdy and rigid neck-tube could be provided 
such that internal pressures of more than typically 20 
bars could be sustained and this could be achieved by 

45 reinforcing the tube 8 as shown in Figure 2. Reinforce- 
ment couki be achieved by means of ribs, or radial stiff- 
eners 14 supporting a further tube 16, which sunounds 
the regenerator tube 22, and which may be orientated 
along the vertical or horizontal axis. The tube could also 

50 be strengthened by an external epoxy resin composite 
or other coating 20. 

[0026] An additional advantage of this type of pulse 
tube geometry is that it still allows one to make use of 
the opening and the free access to the cryostat. Thus it 
55 offers all the advantages a neck offers in general, such 
as a free opening in case of a quench where the neck- 
tube is acting as a quench gas outlet and thus also 
could be equipped most conveniently with a bursting 
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disk, whilst it further allows one to have or be able to 
have access to the magnet for inserting current leads 
and syphons, and at the same time reducing by means 
of heat stationing the heat input of the neck-tube and its 
internal and external attachments e.g. diagnostics fadl- 5 
ities and many more. The other advantage is that this 
opening still couW be used for inserting a baffle system 
to prevent so-called "funnelling" from the top of the tur- 
ret. This baffle system could also be used such that the 
baffles are contacted preferably to the neck-pulse tube 10 
stages in order to minimise heat input into the system 
from the warm end. As has been mentioned above, this 
typical arrangement also enables one to heat-station 
various diagnostics tubes or permanently fixed tubes 
such as current leads etc. is 
[0027] TTie outer circumferential areas of the pulse 
tube do not take part in the heat transfer process, and 
woukJ therefore not interfere with the surface heat 
pumping effect 

[0028] However, provision must be made for optimis- 20 
ing th annular geometry. In order to reduce the pres- 
sur drop resulting from the annular design of the pulse 
titoe as this pressure drop is higher than with circular 
tubes. 

[0029] The heat-pumping effect may work differently 25 
with an annular-type pulse tube which is due to the now 
enhanced surface area which Is of course larger than in 
a plain circular pulse tube. In contrast to piston-driven 
cryocoolers, a pulse tube offers a great degree of free- 
dom in design, this applies not only to the pulse tube 30 
itself but also to the regenerator tube. For example, an 
etched regenerator design could easily be inserted in 
an annular-type pulse tube refrigerator as well as the 
normally used lead shot balls with a typical range in 
diameter of 0.2 to 0.5 min. ^' 
[0030] Furthermore, the surface of the pulse tube 
itself could be changed in order to enhance or optimise 
the heat transfer to the surrounding, pulsating gas flow. 
[0031] Also the friction factor of the pulse tube wall 
could be adjusted such that heat transfer and pressure * 
drop are optimised. This could be achieved by introduc- 
ing surface liners which increase or reduce the surface 
roughness as desired. 

[0032] To balance out different heat pumping sur- 
faces, the surface which shows poorer heat transfer 4 
characteristics could be enhanced by applying an artifi- 
cial surface roughness or by sandblasting or by any 
other means which are generally applicable in heat 
transfer enhancement and are vwithin the scope off the 
present Invention. ' 
[0033] Also the an-angement off pulse tul^e and regen- 
rator tube could t5e made such that the regenerator is 
housed in the Inner annulus and the pulse tube occu- 
pies the outer annulus of the tube arrangement as 
shown in Figure 1. Both annuli coukJ be either in direct i 
contact wrth each oflier or, iff necessary, be thermally 
isolated by means of a thermal isolator (e.g. epoxy or 
nylon lining). The regenerator tube can be designed 



such that an external pressure applied to the inner pulse 
tube is supported by the regenerator tube. This tube 
could also be designed more rigidly and used to support 
either shield loads andyor the magnet system as shown 
in Figure 2. Depending on the regenerator material, the 
regenerator can be designed to can-y additional radial 
loads. If necessary, the outside of the inner tube also 
could be reinforced by ribs or other reinforcement meth- 
ods, and the same applies to the internal surface of the 
regenerator tut>e. provided the gas flow is not too 
restricted. 

[0034] The neck tube could also be designed such 
that only a part of the neck tube. e.g. a section of the 
annulus is being used for the cooler design. 
[0035] In a case where the neck tube has to t>e 
equipped with one bellow at the cold end the radiation 
shields could still be affixed to the neck tube. 
[0O36] Furthermore, the neck pulse tube geometry 
permits a direct thermal coupling in order to extract heat 
from permanently installed tubes such as fixed or tem- 
porarily fixed cun^ent leads which would othenwise be 
contributing to increased boil-off from the helium vessel. 
This is of utnwst importance as the same applied before 
with respect to the piston-driven systems and direct 
coupling. 

[0037] The present invention can be extended to 
multi-stage pulse tube refrigerators where such a sys- 
tem would be most conveniently used for liquefaction. 
While closing all other surfaces there is still an opening 
availak)le in case of quench or for depressurising or 
pressurisation of the cryostat. 
[0038] The pulse tube could either be of one or two- 
stage annular-type design where a third* stage com- 
prises a circular tube which also partly canries the mag- 
net load. 

[0039] If a three-stage pulse tube Is used, this tube 
would also be connected to a commercial heat 
exchanger for the purpose of liquefaction. 
[0040] Besides the application v«th MRl and related 

> systems the principle applies to NMR systems. 

[0041] In this case, the neck-tube pulse tube refriger- 
ator is designed such that the number of necks to be 
used for suspending the overall cryostat structure com- 
prising shield weight loads as well as magnet loads 

5 could be reduced to a minimum. 

[0042] This would dramatically reduce the boil-off ; as 
is known with present-day NMR systems the boil-off 
depends to a great extent on the overall heat distribution 
of the neck geometry causing an increase of tempera- 

0 ture in the radiation shields and thus indirectly contribut- 
ing to the overall helium boil-off. 
[0043] Thus again, the neck-like pulse tube refrigera- 
tor is actually an invisible, integral part of the overall cry- 
ostat. 

fs [0044] Tlie benefits of the present invention are as fol- 
lows: 

[0045] A vertical or slight oblique angle is the optimum 
working position with most present-day pulse tubes. 
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[0046] tt provides an easy way to thermally contact 
shields whereby the shields could rest on (or be 
screwed onto) the thernnal links. 
[0047] External and internal surfaces of the pulse tube 
refrigerator could be thermally isolated and thus do not 
take part in the heat transfer process, and would there- 
fore not obstruct the heat pumping effect. 
[0048] The reduced wall thickness, e.g. due to exter- 
nal reinforcement could reduce the heat input due to 
conduction down the neck considerably: the neck cools 
itself. 

[0049] The first and second stages would exchange 
heat at their contact locations, which means that the 
cooling enthalpy of the helium gas could help to reduce 
the pulse tube refrigerator power needed. 
[0050] The pulse tube refrigerator may be rigid, ena- 
bling it to carry shield weights and magnet loads. 
[0051] It offers all the advantages a neck-tube offers, 
e.g. free opening in case of a quench, access to current 

3 leads and syphon, and at the same time shows a 
reduced window area dye to the fact that there is only 
one turret necessary in the cryostat, as well as a 
reduced heat corxJuction. 

[0052] It is the optimum thermal linking point or posi- 
tion. 

[0053] The annulus could be op^ed from the top to 
exchange the regenerator material if necessary, 
although maintenance is not normally required. 
[0054] The integrated fixed design Is Invisible to the 
customer and the patient. 

[0055] Throughout the following description, like parts 
bear the same reference numerals in Figures 3 to 7. 
[0056] Referring to Figure 3. a cut through section of 
a neck-pulse tube refrigerator is shown where the pulse 
tube 30 and regenerator tube 32 are of annular shape, 
with the regenerator tube surrounding the pulse tube. 
[0057] The arrangement comprises a first cooling 
stage 34 and a second cooling stage 36 including lead 
balls, the helium vessel 38 and the magnet 40. Helium 
boil-off gas flows in the direction of an'ow A. At point 42. 
fixed cunrent leads or diagnostic tubes are thermally 
linked to the neck of the cooler. A baffle system 44 is 
provided and thermally linked to the cooler and heat 
exchangers 46. 

[0058] Figure 4 shows an alternative arrangement to 
Figure 3. where the regenerator tube 32 Is surrounded 
by the pulse tube 30. An optional baffle system may be 
provided between the second stage 36 and the helium 
vessel 38. Thermal insulation is provided at point 50. 
The regenerator tube 32 may contain stainless steel 
mesh with lead balls 32a in the second cooling stage. 
The connections to an external valve box S are shown. 
[0059] Rgure 5 shows a section of a neck-pulse tube 
refrigerator, where the pulse tube 30 and the regenera- 
tor tubes 32 are physically located apart from each 
other. 

[0060] Figure 6 shows a section of a pulse tube refrig- 
erata. where the pulse tibes 30 and the regenerator 



tubes 32 are of circular shape and occupy a part or sec- 
tion of the neck tube 52. 

[0061 ] Figure 7 shows a section of a three-stage neck- 
pulse tube refrigerator, where the pulse tubes 30 and 
5 regenerator tubes 32 occupy a part or section of the 
neck-tube 52. 

[0062] In this arrangement a third cooling stage 54 is 
provided, haying first and second sections 56, 58 con- 
taining typically rare earth elements, e.g. Er3Ni, Nd 

10 respectively. 

[0063] It will be appreciated by those skilled in the art 
that various modifications are possible that fall within 
the scope of the following claims. For example, the 
pulse tube or the regenerator tube could act as a sus- 

15 pension means. 

Claims 

1. An MRI or NMR system comprising a magnet 
20 assen^ly immersed in a cooling liquid contained 
within a vessel, said system having an orifice in the 
form of a neck-tube, characterised in that said neck- 
tube is adapted to house a pulse tube refrigerator. 

25 2. An MRI or ISIMR system as claimed in claim 1. 
wherein the pulse tube refrigerator is in the form of 
an annulus or a section of an annulus. 

3, An MRI or NMR system as claimed in claim 1, 
30 wherein the pulse tube refrigerator has an 

enhanced surface structure, whereby said surface 
Is either of a natural or of an artificial structure. 

4. An MRI or NMR system as claimed in claim 2 or 
35 claim 3, wherein the pulse tube refrigerator has its 

regenerator tube in the form of an annulus which is 
concentric and coaxial and In contact with either the 
inside or outside of its pulse tube. 

40 5. An MRI or NMR system as claimed in claim 2 or 
claim 3. wherein the pulse tube refrigerator has its 
regenerator tube not in the form of an annulus nor 
Is it coaxial with respect to its pulse tube. 

45 6. An MRI or NMR system as claimed in claim 4 or 
claim 5. wherein the regenerator tube or pulse tube 
acts as a suspensbn means. 

7. An MRI or NMR system as claimed in claim 6. 
so wherein the suspension means is provided with a 
plurality of different direct contacting means 
between a radiation shieki and the pulse tube 
refrigerator. 

55 8. An MRI or NMR system as claimed In any preced- 
ing claim, wherein the neck-tube Is made from one 
of a plurality of different materials, e.g. steel, tita- 
nium alloy, epoxy resin. 
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9. An MRI or NMR system as claimed In any preced- 
ing claim, wherein the pulse tube refrigerator is 
anranged to carry the shield loads and/or the mag- 
net toad. 

5 

10. An MRI or NMR system as claimed In claim 9. 
wherein the pulse tube refrigerator is multistage 
and said neck-tube is a multistage element 
arranged to carry the loads of the shield and/or the 
magnet. 

11. An MRI or NMR system as claimed in claim 10, 
wherein the multistage pulse tube refrigerator is 
used for liquefaction. 

IS 

12. An MRI or NMR system substantially as hereinbe- 
fore described with reference to the accompanying 
drawings. 

20 
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